Injury-and ischemia-induced angiogenesis is critical for tissue repair and requires nitric oxide (NO) derived from endothelial nitric oxide synthase (eNOS). We present evidence that NO induces angiogenesis by modulating the level of the angiogenesis inhibitor thrombospondin 2 (TSP2). TSP2 levels were higher than WT in eNOS KO tissues in hind-limb ischemia and cutaneous wounds. In vitro studies confirmed that NO represses TSP2 promoter activity. Moreover, double-eNOS/TSP2 KO mice were generated and found to rescue the phenotype of eNOS KO mice. Studies in mice with knock-in constitutively active or inactive eNOS on the Akt-1 KO background showed that eNOS activity correlates with TSP2 levels. Our observations of NO-mediated regulation of angiogenesis via the suppression of TSP2 expression provide a description of improved eNOS KO phenotype by means other than restoring NO signaling.
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wound healing | extracellular matrix | Akt | matrix metalloproteinases E ndothelial nitric oxide synthase (eNOS) and its bioactive product nitric oxide (NO) are well-established proangiogenic molecules. Endothelial-derived NO is crucial for maintenance of proper vasodilatory tone and regulation of an antiproliferative and antiapoptotic state for endothelial cells (ECs) and has essential roles in physiological angiogenesis (1) (2) (3) . Pharmacological inhibition or genetic disruption of eNOS limited angiogenesis during tissue repair, resulting in delayed wound closure (2, 4) . Addition of NO donors to wounds enhanced angiogenesis and accelerated healing (5) (6) (7) . eNOS KO mice recovered poorly from hind-limb ischemia as a consequence of decreased angiogenesis (3, 8) . These mice also displayed accelerated atherosclerosis, neointimal thickening postinjury, and hypertension (1, 9) . Taken together, these observations highlight the ability of eNOS-derived NO to influence vascular function.
Thrombospondins (TSPs) are a small family of antiangiogenic matricellular proteins (10) . TSPs enhance clearance of matrix metalloproteinase (MMP)-2 and MMP-9 (11-13) and interact with cell-surface receptors, including α v β 3 , very low density lipoprotein receptor (VLDLR), CD36, and CD47, to inhibit angiogenesis (14) . Further, ultrastructural studies demonstrated that TSP2 influences ECM assembly (15, 16) . TSP2 KO mice displayed improved recovery of blood flow following ischemia (17) , altered foreign body response (18, 19) , and accelerated wound healing (16, 20, 21) . In contrast, TSP1 KO mice displayed delayed healing because of insufficient stimulation of inflammation (13) . Consistent with these observations, the expression of TSP1 and TSP2 in tissue repair was associated with the inflammatory and repair phases, respectively (13, 16) . Recently, several studies linked components of the Akt-eNOS cascade with TSPs. Specifically, TSP1 has been described to blunt the ability of NO to activate soluble guanyl cyclase (sGC) (22, 23) through interactions with CD36 and CD47 during ischemia. TSP1 has also been described to diminish eNOS activity by blocking phosphorylation at S1176 (24) . Studies in retina angiogenesis connected oxidative stress and regulation of TSP2. In this model, the production of TSP2 was directly correlated with the levels of reactive oxygen species (ROS) (25, 26) . However, the mechanism regulating TSP2 expression was not described. Finally, in a tumor model, Akt-1 KO mice displayed increased vessel density associated with decreased TSP1 and TSP2 in a manner directly correlated with Akt-1 activation (27) . This paradoxical observation of increased angiogenesis in Akt-1 KO mice was attributed to the specific conditions of the tumor model. In addition, wound healing in Akt-1 KO mice was compromised because of decreased VEGF availability, decreased vascularity, and altered collagen assembly and maturation in dermal wound beds (28) . However, TSP1 and TSP2 expression in this model was not evaluated; thus, it was not clear if the compromised phenotype was associated with alterations in their expression.
Because of the opposite phenotypes of eNOS KO and TSP2 KO mice in tissue repair and the developing evidence that there exists a NO-TSP axis, we initiated studies to investigate associations between eNOS and TSP2. Analysis of ischemic and wound tissues from eNOS KO mice revealed significantly increased TSP2 levels. In vitro studies allowed us to determine that NOmediated depression of TSP2 occurred by means of a transcriptional effect. The functional role of increased TSP2 in eNOS KO animals was explored by generating TSP2/eNOS double-null mice. These mice displayed increased recovery of blood flow following ischemia and accelerated wound healing. Finally, we investigated the role of the Akt-eNOS axis in modulating TSP2 expression and observed increased TSP2 deposition in the wounds of Akt-1 KO and eNOS S11766A/Akt-1 KO knock-in mice. In contrast, TSP2 deposition was decreased in the wounds of eNOS S1176D/Akt-1 KO mice, suggesting that eNOS activity inversely correlates with TSP2 expression. Thus, these data demonstrate that the proangiogenic actions of NO occur, in part, via modulation of the levels of the antiangiogenic molecule TSP2 and the loss of TSP2 rescues a deficiency in eNOS-derived NO.
Results eNOS-KO Tissues and Cells Have Increased TSP2 Levels. TSP2 expression is low in uninjured tissues and is induced following hindlimb ischemia, with maximum expression at 1 wk (17) . At 2 wk postischemia, TSP2 levels in WT animals are low in the ischemic leg (left calf) and almost undetectable in the uninjured leg (right calf) (Fig. 1E) . In contrast, Western blot analysis of eNOS KO tissues revealed increased TSP2 protein in both the ischemic and nonischemic legs at 2 wk following ischemia (Fig. 1E) . Immunohistochemical analysis of muscle sections revealed increased TSP2 in eNOS KO muscles before injury (day 0, Fig. 1B ) and at 2 wk following ischemia (Fig. 1D ) compared with WT ( Fig. 1 A  and C) . Furthermore, the distribution of TSP2 was altered, because blood vessels, which are typically void of TSP2 (Fig. 1C) , displayed TSP2 immunoreactivity (Fig. 1D) . eNOS KO tissue 2 wk following ischemia displayed TSP2 expression associated with muscle fibers, fibroblasts, and capillaries.
Similar to ischemic tissues, TSP2 deposition was increased in eNOS KO dermal wounds. Specifically, at day 10 after cutaneous wounding, which is the peak of TSP2 expression in WT mice (16) , eNOS KO wounds displayed significantly increased TSP2 deposition by immunohistochemistry (Fig. 1 F and G) . Western blots of day 10 wound extracts and densitometry also showed that TSP2 levels were increased 1. ( Fig. 1H ). Consistent with a previous report (2), we observed compromised wound closure in eNOS KO animals. Because we have previously shown that the levels of MMPs in wounds are inversely correlated with TSP2 (29, 30), we analyzed day 10 wounds extracts by zymography and found reduced levels of MMP-9 and normal levels of MMP-2 in eNOS KO wounds (Fig.  S1A ). Immunohistochemical analysis of wounds confirmed the reduced levels of MMP-9 (Fig. S1C) .
To verify the in vivo relationship between eNOS and TSP2 levels, mouse lung endothelial cells (MLECs) were isolated from WT and eNOS KO animals and analyzed for TSP2 production by Western blotting. Consistent with our in vivo findings, eNOS KO MLECs produced more TSP2 than WT MLECs (Fig. 1I) . Increased levels were observed in both the amount of TSP2 secreted into MLEC media as well as intracellular TSP2 in cell lysates (Fig. 1I) . TSP2 mRNA levels in eNOS KO MLECs were also increased relative to WT (Fig. 1J) . Furthermore, the upregulation of TSP2 was reversed by addition of an exogenous NO donor, S-nitrosoglutatione (GSNO) (Fig. 1K) . Specifically, levels of TSP2 in eNOS KO MLEC-conditioned media, as well as the amount of TSP2 in cell lysates, were decreased over time with the addition of GSNO (300 μM). These data suggest that autocrine NO might serve as means by which ECs endogenously suppress TSP2 expression.
NO Regulates TSP2 in a Paracrine Fashion by Decreasing TSP2
Expression. The major cell types that synthesize TSP2 in vivo are fibroblasts, pericytes, and smooth muscle cells (20) . Our in vivo assays demonstrated that lack of eNOS-derived NO resulted in increased TSP2 levels. To assess whether NO altered TSP2 levels in vitro in a paracrine fashion, fibroblasts, which are the major TSP2 producers in vivo, were treated with the NO donors GSNO and diethylenetriamine NONOate [DETANONOate (DETANO)]. Less TSP2 was secreted into the media by National Institutes of Health 3T3 cells (NIH3T3s) treated with GSNO or DETANO during a period of 24 h ( Fig. 2 A and B) . During the same time course, NO donor-treated NIH3T3s also decreased intracellular TSP2. The earliest detectable decrease in TSP2 accumulation into cell media was at 3 h in the presence of GSNO and 6 h in DETANO-treated cells, and the reduction was maintained throughout the entire 24 h. At 1 mM DETANO, which has a half-life between 20 and 24 h and releases two molar equivalents of NO per mole of DETANO compound (31), the effective dose of NO has been measured to be between 0.9 and 1.5 μM NO (32) . Effective DETANO and GSNO concentrations were determined by performing a dose-response experiment ( Fig. S2 A and B) . The effect of NO donor on TSP2 production was confirmed in other cell types, including human primary fibroblasts (Fig. S2C) .
To exclude the possibility that the effect of NO donor was attributable to reactive nitrogen species (RNS), we treated cells with DETANO and 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide (CPTIO) in combination (Fig. S3) . CPTIO binds to NO and generates NO 2 . Treatment of NIH3T3s with CPTIO and DETANO did not enhance the efficacy of DETANO alone, indicating that the decrease in TSP2 is attributable to NO and not to RNS. The antioxidant ascorbic acid did not have an effect on TSP2 expression and did not reverse the effect of DETANO, suggesting that oxidative stress does not influence TSP2 production (Fig. S4A) . The canonical target for NO is activation of sGC. ODQ, a pharmacological inhibitor of sGC, did not prevent NO-mediated reduction of TSP2 (Fig. S4B ), indicating that the NO effect on TSP2 production is cGMP-independent.
To determine DETANO effects on TSP2 protein stability, DETANO was added to cells transfected with TSP2 plasmid. HEK293 cells, which produce undetectable levels of TSP2, were transfected with empty vector (pcDNA3) or TSP2. DETANO (0-1 mM) did not decrease TSP2 expression in HEK293 lysates or media after 24 h of treatment (Fig. S5 ). Even at the highest dose of DETANO (1 mM), intracellular and secreted TSP2 levels were unchanged throughout a time course of 24 h (Fig.  2C ). Because the plasmid-derived TSP2 was insensitive to DETANO, we conclude that NO decreases TSP2 mRNA levels via a transcriptional effect.
TSP2 mRNA was quantified following DETANO treatment and was significantly decreased, in comparison to untreated cells, at 12 h and further depressed at 24 h (Fig. 3A) . To ensure that the effect on TSP2 mRNA was not attributable to global changes in transcription, several other mRNA targets were tested after 24 h of DETANO treatment. Fibronectin, collagen IIIα1, and MMP-9 mRNA levels were unchanged with DETANO treatment, but collagen Iα1 mRNA was decreased by 80% (Fig. 3B ). Our findings show that DETANO specifically decreases certain mRNA, including TSP2 and collagen Iα1. DETANO did not alter the rate of decay of TSP2 mRNA following actinomycin-D treatment, indicating that it did not affect mRNA stability (Fig.  3C ). Luciferase assays verified that the observed decrease in TSP2 mRNA level was attributable to decreased transcriptional activity. Following DETANO treatment of NIH3T3s for 24 h, TSP2 promoter activity was decreased by half relative to untreated cells (Fig. 3D ).
TSP2 Deficiency Rescues the eNOS-KO Phenotype in Ischemia and
Dermal Wound Healing. To investigate the impact of increased TSP2 in eNOS KO mice, double-eNOS/TSP2 KO (DKO) mice were generated by breeding the two single-null lines. Mice were confirmed by genotyping as well as mRNA and protein analysis ( Fig. S6 A and B) . Tissue repair in these mice was evaluated in hind-limb ischemia and full-thickness dermal wounds. eNOS KO mice recover poorly from hind-limb ischemia, typically resulting in severe necrosis and loss of limb (3), and do not restore blood flow to the ischemic limb (Fig. 4A) , whereas blood flow in WT mice returns to preinjury levels by 4 wk. In comparison to single-eNOS KO mice, DKO mice displayed improved restoration of blood flow in the ischemic limb (Fig. 4A) . A possible explanation for the lack of complete recovery in these mice involves the profound ischemia and necrosis they experience in the first 2-4 d as well as TSP2-independent effects of eNOS. As we showed previously, TSP2 is not expressed in WT ischemic muscle during this time frame (17) . Thus, its deletion in the DKO mice cannot overcome the severe early phenotype. Enumeration of blood vessels in ischemic muscles at 2 and 4 wk revealed increased angiogenesis in the DKO mice (Fig. 4B) . Previously, we demonstrated the presence of an enhanced arterial network in TSP2 KO mice. Consistent with this observation, anti-smooth muscle actin immunohistochemistry revealed the enhanced presence of collaterals in the uninjured muscles of DKO mice in comparison to eNOS KO mice (5.1 ± 1.4 vs. 2.9 ± 1.1; P ≤ 0.05).
In an excisional dermal wound healing model, deletion of TSP2 reversed and improved the eNOS KO phenotype. Specifically, DKO wounds displayed efficient closure associated with reduction in the wound area and the appearance of specialized structures, such as sweat glands and hair follicles, in the area of the wound (Fig. 4 C-H) . Similar to the ischemia model, early healing in DKO mice appeared to be compromised, as evident in the larger wound areas and delayed wound reepithelialization at day 5 (Fig. S6C) . However, DKO wounds displayed dramatic improvement associated with increased angiogenesis and ECM remodeling between days 7 and 10, a time when TSP2 expression is maximal in WT wounds (Fig. S6 D and E) . Consistent with previous observations in TSP2 KO mice, Masson's trichrome stain revealed that wounds in DKO mice had irregular deposition of collagen fibers with loose basket-weave morphology (13) (Fig. 4 I-K) .
Akt-eNOS Axis Regulates TSP2 Expression. Expression of eNOS in ECs is constitutive and its activity can be regulated by multiple kinases. We asked whether Akt-1, the major eNOS kinase in ECs (33, 34) , could also influence TSP2 expression by determining the level of TSP2 in dermal wounds in Akt-1 KO mice. Immunohistochemical analysis revealed significantly increased TSP2 deposition in Akt-1 KO mice at day 10 posthealing compared with WT mice (Fig. 5A) . To confirm the involvement of reduced eNOS activation in this process, we used Akt-1 KO mice with knock-in mutations of eNOS mimicking gain of function or loss of function (S1176D and S1176A, respectively) (34). Analysis of excisional wounds revealed healing rates dependent on eNOS activity (Fig. 5) . Moreover, TSP2 distribution was inversely proportional to predicted NO levels ( Fig. 5 B and C) . Specifically, Akt-1 KO and eNOS S1176A/Akt-1 KO wounds healed slower and had increased TSP2 deposition (Fig. 5) . In contrast, TSP2 expression was reduced in eNOS S1176D/Akt-1 KO wounds and healing was accelerated. Western blot analysis of day 10 wounds and densitometry indicated a 1.6-fold decrease in TSP2 levels in the eNOS S1176D/Akt-1 KO mice relative to the eNOS S1179A/Akt-1 KO mice (Fig. 5E ). Taken together, these observations suggest that the Akt/eNOS axis regulates the expression of TSP2. Moreover, zymographic analysis of day 10 wound extracts and immunohistochemical analysis revealed increased MMP-9 in eNOS S1176D/Akt-1 KO mice relative to eNOS S1176A/Akt-1 KO mice (Fig. S1 D-F) . Consistent with our findings in eNOS KO mice, we did not detect a significant difference in MMP-2 levels.
Discussion NO has been extensively studied regarding its proangiogenic roles in endothelial homeostasis, migration, proliferation, and tube formation. Many NO-sensitive factors have been identified via in vitro analyses. In this study, we present evidence that regulation of TSP2 transcription is an effector of NO. Specifically, we show that TSP2 is overexpressed in eNOS KO ischemic and wound tissues and that this expression is restored in a manner consistent with the levels of eNOS activity. The functional significance of increased TSP2 in eNOS KO mice was evaluated by generation of DKO animals, which displayed an improved healing phenotype. These observations suggest that TSP2 is a bona fide NO target and propose a previously undescribed proangiogenic mechanism for NO through transcriptional repression of a major antiangiogenic molecule. In an eNOS KO background, TSP2 deletion reverses the severe eNOS KO wound-healing phenotype and partially restores the ischemic phenotype. Previously, we showed that TSP2 deficiency does not influence collagen levels but is associated with aberrant morphology and assembly of collagen fibrils and fibers, respectively. Consistent with these observations, we observed the deposition of aberrantly organized collagen fibers in DKO wounds. These data provide genetic evidence for the physiological importance of the eNOS-TSP2 axis. TSP2 deficiency has also been associated with increased levels of MMP-2 and MMP-9 in various models of tissue repair (35) . In the present study, we observed that the increased TSP2 in eNOS KO wounds was associated with reduced MMP-9 levels and that this finding was reversed in eNOS S1176D/Akt-1 KO mice. It is unclear why we observed changes only in MMP-9, but others have made similar observations in TSP2 KO heart infarcts following angiotensin treatment (36) . Taken together, because of the ability of TSP2 to modulate cellmatrix interactions, our data support a role for NO in regulating ECM assembly. More importantly, our findings provide previously undescribed insight into the regulation of TSP2 transcription. Molecular mechanisms regulating NO-mediated effects are not completely understood. Here, we present data showing that NO controls angiogenesis indirectly by repressing the expression of TSP2. There are conflicting data suggesting that NO can influence the expression of other angiogenesis inhibitors, such as angiostatin. For example, in a canine coronary ischemia model, angiostatin levels were increased in nitro-L-arginine methyl ester hydrochloride (L-NAME)-treated animals (37). This increase was associated with enhanced MMP-2 and MMP-9 activity. However, another study demonstrated that rats treated with L-NAME for 6 wk exhibited no change in MMP or angiostatin levels (38) . Differences in these studies could stem from the role of NO in the two models; whereas the canine model is ischemia-driven, the rat study had no injurious stimuli. Secretion of another antiangiogenic protein, endostatin, was induced in response to hydrogen peroxide, chemically induced hypoxia, or NO treatment and was decreased with NOS inhibition (39) . However, these observations were limited to an in vitro model and the intracellular mechanism for NO was not investigated.
Recently, several groups described TSP1 as an antagonist for NO signaling. TSP1 attenuates activation of sGC mediated by either eNOS or exogenous NO sources (22, 23) . Unlike this welldocumented effect of TSP1 on NO signaling, little is known about the role of NO in the regulation of TSP1 or TSP2 levels.
Exogenous NO-treated kidney mesangial cells decreased TSP1 mRNA (40) . Treatment of human umbilical chord endothelial cells with DETANO demonstrated suppression of secreted TSP1, and this effect was independent of sGC activation and ERK phosphorylation (41) . Because TSP1 and TSP2 are encoded by distinct genes with unique promoters (42), we hypothesize that the NO-mediated suppression is distinct. Indeed, our results excluded sGC activation as a means of down-regulating TSP2 (Fig. S4) . However, because sGC expression is frequently lost in vitro, we cannot exclude that this might be a factor controlling TSP2 expression in vivo. In this study, we examined several cell types, including MLECs and fibroblasts, none of which produced sufficient TSP1 to achieve detection by Western blotting. In contrast, implantation of melanoma cells into Akt-1 KO mice resulted in tumors with decreased TSP1 and TSP2 levels, and ECs transfected with either dominant-negative Akt or myristoylated Akt were correlated with decreased and increased TSP1, respectively (27) . However, this study did not investigate the role of eNOS in influencing TSP levels vs. the multiple other Akt-1 targets in the cell. In the same study, the reduced levels of TSPs in Akt-1 KO mice were shown to be associated with increased tumor angiogenesis (27) . Moreover, Akt-1 had a positive effect on TSP2 transcription, and a preparation of lung ECs from Akt KO mice, which contained 30% fibroblasts, had decreased TSP1 and TSP2 levels. However, the authors mentioned that there was not a substantial eNOS component in their tumor model and that the strain of Akt KO mice used in their study had only a modest decrease in NO production (27) . In contrast, in our study, both the wound healing and ischemia models are dependent on NO and are compromised in eNOS KO and Akt-1 KO mice. Thus, differences in mouse strains and the variable dependence of angiogenic models on NO might explain the conflicting observations regarding TSP2 levels. In fact, in a separate study, the same group showed compromised angiogenesis in wound healing (28) . However, despite the previous association of Akt-1 deficiency with reduced TSPs, which was the major finding in the tumor study, the authors did not provide data regarding TSP1 or TSP2 levels in Akt-1 KO wounds (28) . Based on our own observations, we conclude that NO plays a critical role in the negative regulation of TSP2 during tissue repair. The ability of NO to regulate TSP2 expression has not been reported previously. However, a link between oxidative stress and TSP2 has been established in a model in which deletion of CYP1B1 resulted in increased ROS and TSP2 in retinal-derived ECs, which was reversed with an antioxidant (25, 43) . Moreover, TSP2 redox sensitivity is confirmed by the observation that Rac1-induced ROS increased TSP2 in human aortic endothelial cells (HAECs) (26) . Here, we show that TSP2 expression is not altered by antioxidant treatment, which might be attributable to cell specificity. More importantly, unlike the studies outlined above, we demonstrate that NO directly effects TSP2 transcription. Because our in vitro assays required sustained slow-releasing NO donor, such as GSNO or DETANO, it is possible that NO levels exceeded those required in vivo. In fact, NO concentration in tissue is typically in the nanomolar range. It is difficult to experimentally deliver low-dose, long-term NO. Addition of DETANO and CPTIO in combination suggests that NO, rather than RNS, controls TSP2 levels. However, because CPTIO alone was insufficient to restore DETANO-mediated decreased TSP2 production, it is possible that other NO species in high concentrations also depress TSP2 (Fig. S2) .
TSP2 can influence cell function via the modulation of cellmatrix interactions and matrix assembly. Although not an integral component of collagen fibrils, TSP2 has been shown to regulate collagen fibrillogenesis, leading to autocrine and paracrine effects on cell function (15, 17) . Our studies suggest that NO may influence ECM assembly and ultrastructure, which has not been described before. Previous studies in cultured mesangial cells showed that either NO stimulated through iNOS induction or exogenous GSNO altered levels of ECM molecules, including decreased collagen (type 1α1 and type 1α2), fibronectin, and TSP1, and increased laminin (40, 44) . The participation of NO in ECM synthesis was also demonstrated in an anti-Thy1-induced kidney damage model, where treatment with a phosphodiesterase 5 (PDE5) inhibitor, a cGMP catabolizing enzyme, displayed decreased collagen IV, fibronectin, and TSP1 (45) . Although this study did not evaluate the effect of NO directly on ECM, it demonstrates that ECM production can be affected by the NO-generated second-messenger cGMP. NO-mediated reduction in collagen levels has been confirmed in cell types relevant to wound healing and ischemia, including fibroblasts and smooth muscle cells (46) (47) (48) . NO has also been described to alter expression and/or activity of several MMPs (49-51), specifically MMP-2, MMP-9, and MMP-13. Consistent with these studies, our data demonstrate that NO decreased the mRNA levels of both collagen I, a major ECM constituent, as well as TSP2, which would be expected to have significant effects on ECM assembly. This suggestion is supported by the observation of reduced MMP-9 levels in eNOS KO wounds.
Activation of Akt/eNOS signaling leads to generation of NO and proangiogenic activity. Based on our findings, we propose an additional effect for this signaling axis involving the transcriptional repression of TSP2. The importance of TSP2 in the context of low NO levels is underscored by the fact that the DKO mice have substantial restoration in healing. Thus, we conclude that increased TSP2 has negative consequences on healing and is an important regulator of the eNOS KO phenotype. We also believe that our findings of improved repair in the DKO mice cannot be solely ascribed to the loss of the antiangiogenic effect of TSP2 because we have already shown that the lack of TSP2 does not improve the vascularization and healing of wounds in TSP1/TSP2 KO DKO mice (13) . Moreover, increased expression of TSP2 in Akt-1 KO wounds provides additional support for the importance of the Akt/eNOS axis in the regulation of TSP2 expression. In addition to eNOS, Akt-1 activates a diverse range of targets and influences cell growth, survival, and migration (52) . However, modulation of eNOS activity in Akt-1 KO wounds was sufficient to change TSP2 and MMP-9 levels and promote healing. Taken together, our observations show that modulation of TSP2 expression is a major function of NO and a significant outcome of Akt-eNOS signaling.
Methods
Animals. The generation of TSP2 KO mice (53) , eNOS KO mice (Jackson Laboratory), and eNOS S1176A/Akt-1 KO and eNOS S1176D/Akt-1 KO mice (34) has been described previously. DKO animals were generated by breeding of homozygotes. Matched WT littermates were generated using the same breeding scheme. DKO genotyping was confirmed by PCR analysis of tail DNA and Western blot analysis of tissue as described elsewhere (2, 15) . All experiments were approved by the Institutional Animal Care and Use Committee at Yale University.
Reagents. GSNO was produced by nitrosylation of GSH (Sigma) and DETANO was purchased from Alexis Biochemicals. L-ascorbate acid was obtained from the Wako Chemical Company. ODQ and CPTIO were purchased from Cayman Chemicals.
Ischemia. Hind-limb ischemia was performed as previously described (3, 33) . Briefly, mice were anesthetized (100 mg/kg of ketamine and 10 mg/kg of xylazine) and ischemia was induced in the left leg by ligation of both the proximal portion of the femoral artery and the distal portion of the saphenous artery. Branches between the two sites were ligated or cauterized, and arteriectomy was performed. Skin incision without femoral artery ligation was also performed as a sham operation. Blood flow was measured by means of a Doppler perfusion unit (Periflux system; Perimed). Deep muscle flow was measured using a deep measurement probe placed directly onto the gastrocnemius muscle. Perfusion was determined in both the ischemic and nonischemic limbs before surgery; directly after surgery; and at 1, 2, 3, and 4 wk postsurgery. The reported blood flow value represents the ratio of ischemic to nonischemic hind-limb perfusion. A total of six mice per time point per genotype were analyzed.
Wounds. Full-thickness excisional wounds were made in the dorsal region of mice anesthetized with Avertin, as described previously (16) . Each mouse received two 6-mm wounds with the aid of a biopsy punch (Acuderm), producing a total of 10 wounds per time point. All wounds were excised with a 3-mm rim of unwounded tissue. The first wound was administered on day 0 and the second on day 7. A total of 6 wounds per time point per genotype were made.
Tissue Processing and Analysis. Excised wounds were fixed in 10% (vol/vol) zincbuffered formalin (Z-fix; Anatech) and embedded in paraffin. Five-micrometer-thick sections were generated and stained with H&E, Masson's trichrome, anti-TSP2, and anti-MMP-9, and immunohistochemistry was performed as described previously (13, 15, 19, 21) . The specificity of each antibody was verified previously using tissues from TSP2 KO and MMP-9 KO mice (13, 54, 54) . Immune reactions, based on peroxidase activity, were visualized with the Vector ABC Elite kit (Vector Laboratories). A Nikon Eclipse 800 microscope equipped with fluorescence optics was used for all examinations. Metamorph software (Molecular Devices) was used to determine the relative intensity of the peroxidase activity.
Protein extracts from day 10 wounds were prepared in extraction buffer as described previously (13) . The protein content of each sample was determined by a BCA assay, according to the supplier's instructions (Bio-Rad). A total of six samples per genotype were analyzed, and the experiment was performed twice. Antibodies (TSP2, β-actin, and β-tubulin) were used for Western blot analysis as described previously (17) . Blot densitometry was analyzed using Image J (National Institutes of Health), calculated as the densitometry of TSP2 signal normalized to the densitometry of the associated β-actin band densitometry, and expressed as normalized to the indicated genotypes. Gelatin zymography of wound extracts was performed as described previously, and zymograms were reversed to visualize MMPs as dark bands (21) .
Cell Culture. NIH3T3s and HEK293 cells (American Type Culture Collection) were maintained in DMEM (Gibco) supplemented with 10% (vol/vol) FBS, penicillin, streptomycin, and L-glutamine. MLECs were isolated and immortalized as previously described (33, 55) . MLECs were cultured in EBM-2 media (Lonza) with 15% (vol/vol) HyClone-characterized FBS (Thermo Scientific), EGM-2MV SingleQuot growth factors (Cambrex), penicillin, streptomycin, and 2× L-glutamine.
Primary human dermal fibroblasts (a gift from Marty Kluger, Yale University, New Haven, CT) were maintained in DMEM supplemented with 10% (vol/vol) FBS and penicillin, streptomycin, and L-glutamine. Fibroblasts were cultured to 80% confluence in six-well plates and switched to starve media (DMEM with 0.5% FBS) in the presence and absence of GSNO (300 μM). At indicated times after GSNO addition, media and lysates were collected and analyzed by Western blotting for TSP2 and β-actin.
Cell Transfection. Cells were transfected using Lipofectamine (Invitrogen) and Optimem (Gibco) as indicated by manufacturers. HEK293 cells plated in sixwell plates were transfected with 1 μg per well of empty pcDNA3 vector (Invitrogen) or mTSP2 pcDNA3 (plasmid 12411; Addgene.org). The following day, cells were washed with PBS and transferred to antibiotic-free starvation media and DETANO at the indicated concentration.
Media and Intracellular Lysate Generation and Western Blot Analysis. Experiments were performed with cells at 80% confluence. Cells were switched to starve media (DMEM + 0.5% FBS or EGM-2 + 1% serum for fibroblasts or ECs, respectively) in the presence of a given concentration of NO donors [GSNO was generated by nitrosylation of glutathione by sodium nitrite (DETANO; Alexis Biochemicals)]. GSNO was generated and used with exclusion of light. Over the given ranges, cells did not demonstrate visual indications of apoptosis. Media and cell lysates were collected at times following NO donor addition. Cells were lysed in radioimmunoprecipitation assay buffer plus protease inhibitors (Complete Mini EDTA-free inhibitor mixture; Roche). Western blot analysis was performed using TSP2 (BD Bioscience) and β-actin (Sigma) as described previously.
RNA Isolation and Qualitative RT-PCR. RNA samples were collected using the RNeasy Mini Kit (Qiagen). RT was performed on 1 μg of RNA (Superscript II; Invitrogen) using OligodT and Random Hexamer (Invitrogen) primers. SYBRgreen (BioRad) semiquantitative PCR was performed using a BioRad iCycler5. Primers were designed using the National Center for Biotechnology Information's primer design tool or were replicated from literature references (available on request). Samples were run in duplicate and averaged. Experimental results reflect the average of triplicate experiments. For the mRNA stability assay, NIH3T3s were pretreated with actinomycin-D (1 μg/mL for 30 min; Sigma-Aldrich) in starve media before addition of DETANO. RNA was isolated after DETANO addition over a period of 12 h. RT and qualitative PCR were performed as above. The experiment was performed three times. Data were normalized to GAPDH and expressed as percent message remaining relative to actinomycin-D-treated cells (t = 0). Although GAPDH expression is described to decrease in certain systems, the addition of DETANO changed GAPDH expression less than one-fold within any given experiment.
Luciferase Assay. For luciferase transfections, NIH3T3s plated in 12-well plates were cotransfected with a luciferase construct (pGL3 basic, 200 ng per well; Promega) or mTSP2 promoter construct and SV40 renilla (50 ng per well). The transfection mixture was added to cells in antibiotic-free starve media in the absence and presence of 1 mM DETANO. After transfection for 24 h, the Dual Luciferase Reporter Assay (Promega) was performed according to the manufacturer's suggestion, and samples were assayed on a Lumat luminometer (Berthold Technologies). This assay was performed four times in duplicate.
Statistical Analysis. Data are presented as mean ± SEM. Student's t tests were performed on the data comparing untreated and NO-treated samples, and significance was determined at P ≤ 0.05. Statistical differences in the ischemia data were determined using two-way ANOVA, followed by Bonferroni's post hoc test. A P value ≤0.05 was considered to be statistically significant.
